We discover RSH enzymes for (p)ppGpp metabolism in the diatom Phaeodactylum tricornutum 2 and show that they have surprising functional and structural features, and belong to novel red-3 plastid lineage RSH clades. 4
5
Abstract 6 The nucleotides guanosine tetraphosphate and pentaphosphate (together known as (p)ppGpp or 7 magic spot) are produced in plant plastids from GDP/GTP and ATP by RelA-SpoT homologue 8 (RSH) enzymes. In the model plant Arabidopsis (p)ppGpp regulates chloroplast transcription and 9 translation to affect growth, and is also implicated in acclimation to stress. However, little is 1 0 known about (p)ppGpp metabolism or its evolution in other photosynthetic eukaryotes. Here we 1 1 studied (p)ppGpp metabolism in the golden-coloured marine diatom Phaeodactylum tricornutum. 1 2
We identified three expressed RSH genes in the P. tricornutum genome, and determined the 1 3 enzymatic activity of the corresponding enzymes by heterologous expression in bacteria. We 1 4
showed that two P. tricornutum RSH are (p)ppGpp synthetases, despite substitution of a residue 1 5 within the active site believed critical for activity, and that the third RSH is a bifunctional 1 6 (p)ppGpp synthetase and hydrolase, the first of its kind demonstrated in a photosynthetic 1 7 eukaryote. A broad phylogenetic analysis then showed that diatom RSH belong to novel algal 1 8 RSH clades. Together our work significantly expands the horizons of (p)ppGpp signalling in the 1 9 photosynthetic eukaryotes by demonstrating an unexpected functional, structural and 2 0 evolutionary diversity in RSH enzymes from organisms with plastids derived from red algae. Recent studies strongly suggest that plastid arose from the endosymbiosis of a freshwater 4
Gloeomargarita-like cyanobacterium (Ponce-Toledo et al., 2017; Sánchez-Baracaldo et al., 5 2017). Strikingly, our phylogenetic analysis gives no indication that any of the major RSH groups 6 (RSH1, RSH2/3 and RSH4) are more closely related to Gloeomargarita, or indeed any 7 cyanobacterial species, than the RSH from other bacteria. 8 9
Domain organization of P. tricornutum and other algal RSH enzymes 1 0
In terms of domain structure, the majority of plant and green algal RSH4 have acquired a C-1 1
terminal EF-hand domain (Fig. 4 RelA and SpoT. Chloroplast localised RelA SpoT homologue (RSH) enzymes are also found in 4 algae and plants, where they are implicated in the control of chloroplast function and plant 5 development (Boniecka et al., 2017; Field, 2018) . Little is known about these RSH enzymes in 6 diatoms, or indeed the entire red algal lineage. In this report, we showed that the genome of the 7 diatom P. tricornutum encodes three RSH enzymes: PtRSH1, PtRSH4a and PtRSH4b. Analysis 8 of their amino acids sequence revealed the presence of probable chloroplast targeting peptides, 9
indicating that these enzymes are likely to be located within the chloroplast, the site of (p)ppGpp 1 0 synthesis and its action in plants (Field, 2018) (Fig. 1A ). Using heterologous expression in E. coli 1 1 (p)ppGpp mutants we showed that all three P. tricornutum RSH are (p)ppGpp synthetases, and 1 2 that PtRSH1 is also a (p)ppGpp hydrolase (Fig. 2) . Gene expression data indicates that the P. 1 3 tricornutum RSH are expressed, and that PtRSH4a is strongly induced in response to certain 1 4 stresses (Table S2 ) (Scala et al., 2002; Bowler et al., 2008; Matthijs et al., 2016; Matthijs et al., 1 5 2017). Finally, phylogenetic analysis indicated that PtRSH1, PtRSH4a and PtRSH4b are typical 1 6 members of well-defined diatom RSH clades that belong to the previously identified plant and 1 7 algal RSH1 and RSH4 families (Fig. 4) (Atkinson et al., 2011; Ito et al., 2017 have been demonstrated in the photosynthetic eukaryotes before now. We note however that 2 4 members of the plant and green algal RSH2/3 family often possess almost intact hydrolase 2 5 domains in addition to active synthetase domains (Fig. 4) . However, hydrolase activity has not so 2 6 far been demonstrated for one of these enzymes and their overexpression in plants results in 2 7
(p)ppGpp accumulation (Maekawa et al., 2015; Sugliani et al., 2016) . Interestingly, our 2 8 phylogenetic analysis suggests that all members of the red RSH1 clade may be bifunctional ( Fig.  2  9 4). This is in contrast to the sister red and green RSH1 clade where the majority of RSH1 appear 3 0 to have lost (p)ppGpp synthetase activity due to the loss of essential residues in the active site 3 1 P a g e 1 6 o f 2 3 (Sugliani et al., 2016; Ito et al., 2017) . Our results are also supported by modelling of the active 1 sites of PtRSH1 and Arabidopsis RSH1 (Fig. 3b) that the glycine substitution does not appear to affect ATP binding by the neighbouring arginine 1 7 (Fig. 3b) , and sequence analysis indicates that the glycine substitution is widespread in the red 1 8 RSH4 clade. These data suggest that the previous reports of an association between the 1 9 substitution of the residue corresponding to SAS1 G45 and the loss of synthetase activity may be 2 0 conditional on the presence of other specific residues in the active site. PtRSH4a and PtRSH4b, 2 1 and nearly all members of red RSH4 clade lack the EF-hand domain found at the C-terminal of 2 2 the majority of members of the sister red and green RSH4 clade. A certain number of novel 2 3 domain acquisitions were also observed within both the major RSH4 clades in addition to those 2 4 previously identified in the red and green RSH4 clade (Ito et al., 2017) . Altogether, these findings 2 5
suggest that extended RSH4 family enzymes act exclusively as (p)ppGpp synthetases, and are 2 6 susceptible to domain acquisition, presumably for new regulatory functions. Indeed, altered 2 7 regulation might be expected, because many enzymes from diatoms involved in processes such as 2 8 CO 2 assimilation, sulphate assimilation have different regulatory properties than their orthologues 2 9
in plants (Maberly et al., 2010; Jensen et al., 2017) . Determining the functions of these domains 3 0 in (p)ppGpp metabolism presents a fascinating challenge for future research. We show here that, when the RSH of genome-sequenced diatoms are considered, the 2 evolutionary history of RSH enzymes in the photosynthetic eukaryotes is considerably more 3 complex than previously thought (Givens et al., 2004; Atkinson et al., 2011; Ito et al., 2017) . We 4 extend the described RSH1 and RSH4 families by showing the existence of sister clades specific 5 to the red-lineage that show distinct functional and structural properties ( Fig. 2-4 with RSH from the prokaryotic Deinococcus-Thermus phylum rather than cyanobacteria. Our 1 9 analysis supports this idea by also showing that the extended RSH1 family groups with RSH 2 0 from the Deinococcus-Thermus phylum (Fig. 4) conserved glycine at position 45 is shown in red, and other residues implicated in AMCPP 3 0 binding are shown in black. These residues are also indicated by an asterisk in 3A. 
